Rh-Au core-shell nanoparticles were fabricated on TiO 2 (110) surface by physical vapor deposition (PVD) of Rh followed by exposure of Au at elevated sample temperature (500 K). The morphology of the bimetallic particles was checked by scanning tunneling microscopy (STM). The chemical composition of the particles was characterized by low energy ion scattering (LEIS) method. It was shown that the "seeding þ growing" method described previously for growth of monometallic particles in narrow size distribution (Berk o, A. et al. J. Catal. 1999, 182, 511) can also be applied for fabrication of bimetallic nanoparticles. The large mean free path of surface diffusion of gold on the oxide support makes the accumulation of Au possible exclusively on the Rh seeds formed in the first step of the procedure. By performing careful STM and LEIS experiments, it was proven that, for appropriate Au and Rh coverages, the postdeposited Au completely and uniformly covers the Rh nanoparticles.
Introduction
The mechanism of the formation of metal nanoparticles on oxide surfaces not only is an important theoretical issue, but also represents a key process in the fabrication of nanostructured ultrathin films. [1] [2] [3] The study of 2D (planar) model catalysts prepared by "bottom-up" techniques provided an excellent example of how the complexity of the material systems can be increased step-by-step in order to investigate crucial issues related to the chemical reactivity of nanoparticles. 4-9 One of these important questions is understanding the origin of the efficiency of so-called bimetallic catalysts. [10] [11] [12] [13] [14] In spite of the widespread investigations of metal-on-metal systems, the atomic-scale study of the bimetallic nanoparticles is rather incomplete. 15-20 Nevertheless, the studies on monolayer bimetallic surfaces led to very detailed knowledge;even at the atomic scale;of the interaction between the components. 10, 12, 21 The bulk-phase alloying, dissolution, and segregation processes are theoretically well described, and they are experimentally characterized in detail as well. 22, 23 After comparison of these data to the results on metal-on-metal systems, it was concluded that the properties of the atomically thin layers of the same components can exhibit substantial deviation from the behavior in the bulk. 12 It is known, for example, that nonmiscible materials can form a surface alloy or a dissolved layer in the subsurface region. In the case of miscible metals, the activation energy for the near-surface processes (immersion in sublayer, site exchange) is usually much lower than that for bulk diffusion, segregation, or dissolution. 14 Consequently, the mixing or separation of the constitutent atoms in a nanoparticle is a rather common phenomenon at room temperature, in which the positions of the component atoms are largely determined by their (bulk and surface) thermodynamic properties. It is also known that electronic properties of (bi)metallic nanoparticles can be different from their bulk characteristics, which can also lead to different alloying capabilities. For example, although the platinum-gold phase diagram refers to a wide miscibility gap due to limited mutual solubility of the components, the smaller nanoparticles (d < 3 nm) form homogeneous alloys, because rehybridization due to band formation does not take place and all atoms retain their atomic electronic configuration. 24 Regarding the in situ formation of bimetallic nanoparticles on solid-state surfaces (supports), an important issue is how the constituent atoms can be brought together. This question points to the need for knowledge of surface diffusion properties of the components and the kinetic parameters of this process. The surface mobility of different metals on different oxide surfaces has been expansively studied throughout the past decade; 1,2,25 accordingly, all the most important considerations and devices are well-established both theoretically and experimentally for tailored formation and surface science level study of the supported bimetallic nanoparticles. In several recent works, we investigated the codeposition of Au with some other metals: Mo, 26,27 Rh, 27,28 K. 29 These studies connect to the recent hot topic on development of efficient Au catalysts for low-temperature preferential CO oxidation (PROX-catalyst). It turned out that both the deposition sequence and the chemical nature of the codeposited metals dramatically influence the size distribution of Au nanoparticles; moreover, the oxidation state of the support plays also a crucial role in the particle formation. When Rh was deposited on a TiO 2 (110) surface previously covered by gold, Rh atoms impinged to Au clusters moved to subsurface sites; consequently, the outermost atomic layer of these clusters remained almost pure gold. 28 This process is driven by the large difference in surface free energies of Rh and Au. In accordance with other investigations, the observed effect showed that, though Rh and Au are practically immiscible in bulk, 30 they can form surface alloy by thermal 31 and nonthermal place exchange, 32 or by thermal diffusion of Au atoms on the cluster surface leading to the stabilization of Rh atoms at subsurface sites. 31 It was also shown that a relatively high temperature of ∼1325 K is necessary to break Au-Rh bonds in the case of Au/Rh(111) system. 33 The experimental and theoretical results mentioned above alerted us to a possible procedure for templated formation of bimetallic nanoclusters in predetermined mean size and surface distribution. The idea was already exploited in our earlier studies in which monometallic Rh, Pt, and Ir nanoparticles were fabricated in narrow size distribution by the so-called "seeding þ growing" method. 6, 34, 35 Recently, a similar concept was also described for producing bimetallic particles on different oxide supports. [16] [17] [18] [19] In the present work, the formation of Rh-Au core-shell nanoparticles on TiO 2 (110) surfaces is studied by means of scanning tunneling microscopy (STM) and low-energy ion scattering (LEIS) methods.
Experimental Section
The experiments were executed in two different ultra-highvacuum (UHV) systems evacuated down to 5 Â 10 -8 Pa. The first one was equipped by a hemispherical analyzer (Leybold) for performing low-energy scattering (LEIS) and Auger-electron (AES) spectroscopy measurements. In the second UHV chamber, a commercial scanning tunneling microscope (WA-Technology), a cylindrical mirror analyzer with a concentric electron gun (Staib-DESA-100), and a quadrupole mass spectrometer (Balzers-PRISMA) was built in where the STM and AES mea-surements were carried out. Note that, in the present work, the AES and MS techniques were mainly applied for checking the surface/ad-metal cleanliness and the gas-phase composition. In order to avoid the need of transfer and air-exposure of the probes, two similar rutile TiO 2 (110) samples (Pi-Kem) were studied in parallel in the two UHV sytems.
A Specs IQE 12/38 ion source was used for generation of LEIS spectra. He þ ions of 800 eV kinetic energy were applied at a low ion flux equal to 0.03 μA/cm 2 , which was necessary to avoid the sputtering of surfaces. Note that LEIS supplies information only on the outermost atomic layer, when performed with noble gas ions. The incident and detection angles were 50°( with respect to surface normal), while the scattering angle was 95°. The ions (LEIS) were analyzed by a Leybold HA as mentioned above.
The STM images of 256 Â 256 pixels were generally recorded in constant-current mode at a bias of þ1.5 V (on the sample) and tunneling current of 0.05 nA with an electrochemically etched Wtip. An image was recorded within 3 min on average. Because of the importance of the particle statistics in this work, special attention was paid to choosing appropriate surface regions to record. First, large-scale images of 200 Â 200 nm 2 were detected on macroscopically different areas of the sample (within 1-2 mm); after comparison of the images obtained in this way, we selected characteristic regions and recorded at least 20-30 highresolution images (20 Â 20 nm 2 ); after imaging, we chose the best 3-5 records (each containing more than 40-50 particles) for the statistical evaluation of the particle morphology. It is important to remark that image processing software (SPIP) developed by Image Metrology was applied for automatic particle identification and determination of their parameters. In cases where this method was not applicable (agglomerized particles), the particle morphology was separatively determined for each particle. The X-Y-Z calibration of the STM images was performed by measuring the characteristic morphological parameters of the TiO 2 (110)-(1 Â 1) support (lateral unit cell, 0.296 Â 0.650 nm 2 ; height of [001] oriented step, 0.297 nm). Special and careful tip conditioning was applied in order to obtain reliable particle sizes. This contained not only coarse and fine bias-pulse treatments, but also an extended in situ "annealing" of the tip-end at 180 V and 100 nA in feedback mode for 10-20 min.
The TiO 2 (110) single crystal of 10 Â 10 Â 1 mm 3 in the LEIS chamber was fixed to a Ta foil by a UHV compatible oxide adhesive (Ceramobond 571, Aremco) and was heated by a W filament placed behind the Ta foil. In the STM chamber, the 5 Â 5 Â 1 mm 3 crystal was directly fixed to a Ta filament by the same oxide adhesive, and it was mounted on a transferable sample holder. The probe was annealed by current flowing through the Ta filament. In both chambers, the probe temperature was measured by a chromel-alumel (K-type) thermocouple stuck to the side of the samples by the same oxide adhesive. The initial cleaning was started by a gradual increase of the temperature up to 1050 K, and it was continued by Ar þ bombardment at 1000 K with stepwise decreased ion energies of 2, 1.5, and 1 keV (an average current density of 4-6 μA/cm 2 ) for several hours. This procedure resulted not only in the purification of the samples (mainly getting rid of Ca and K contamination), but also some reduction in the subsurface layer (making the samples conductive), and made it possible to avoid charging through the spectroscopy and microscopy measurements. In order to reset the TiO 2 stoichiometry, from time to time, the samples were reoxidized in 5 Â 10 -2 Pa oxygen for 10-20 min at 900 K. The final treatment was usually a short annealing at 1050 K in UHV. For the measurements presented in this work, both (1 Â 1) and (1 Â 2) ordered surfaces were applied.
Au and Rh were deposited by a commercial 4-pocket PVDsource (Oxford Applied Research). In the case of Au, a carbon crucible was filled by pieces of high-purity (99.95%) gold, while in the case of Rh, a high-purity (99.95%) Rh rod was applied. In the STM chamber, the surface concentrations of the deposited metals were estimated from the volume of the nanoparticles separated clearly from each other. In the other chamber, LEIS and XPS methods were used for the same purpose. 26, 28 The cross-calibration of the metal coverages in the two UHV systems was performed by AES measurements. In general, the accuracy for the metal coverages presented in this work is not worse than (15%. The coverage of the deposited metals is expressed in equivalent monolayers defined as the amount of metal related to a layer arranged in a close-packed (111) structure and covering the substrate with a single atomic layer. For Au and Rh, the monolayer equivalent (ML) corresponds to 1.39 Â 10 15 Au-atom/ cm 2 (the atom density of Au(111) surface) and 1.60 Â 10 15 Rhatom/cm 2 (the atom density of Rh(111) surface), respectively. In this study, the deposition rates of approximately 0.5 ML/min and 2.0 ML/min were applied for Au and Rh, respectively.
Results
3.1. Scanning Tunneling Microscopy Measurements. It was shown in our earlier investigations that the composition and morphology of the bimetallic nanoparticles produced by PVD of two metals depend sensitively on the sequence of the deposition. [26] [27] [28] In the present work, Rh was deposited first. This metal bonds more strongly to the TiO 2 (110) substrate than gold, and in this way, it forms nanoclusters in a higher dispersion. This behavior is also a consequence of the higher activation energy of diffusion of Rh than that of Au. Moreover, since the surface free energy of Au is lower than that of Rh, the former metal tends to cover Rh. 31, 32 These properties give us a chance to seed the surface by Rh and to grow a gold capping layer on top of these Rh-seeds without the formation of any separate pure Au nanoparticles.
Regarding the support, it is well-known that the actual morphology of TiO 2 single crystal surfaces depends not only on the last treatment, but also on the former treatments of the samples. 25 As a function of the surface oxidation state, the following series of the (quasi-)ordered arrangements were detected: (1) stoichiometric (bulk terminated) 1 Â 1; (2) (1 Â 1) surface decorated with oxygen defects of reduced 0D dots and 1D strings (stripes) of Ti 2 O 3 phase; (3) strongly covered surface by Ti 2 O 3 strings in different (1 Â n) structures; (4) (1 Â 2) reconstructed surface in highly ordered arrangement; (5) cross-linked (1 Â 2) reconstructed surface; (6) unordered polycrystalline surface. In the present work, the samples exhibiting the states of (2) or (4) were used where the former one was called (1 Â 1) and the latter one (1 Â 2) surface. Figure 1A ,B shows the (1 Â 1) surface on larger and atomic scale. On the former image of 50 Â 50 nm 2 , extended terraces decorated by some 0D dots and 1D strands of length 5-15 nm with an approximate concentration of 1 Â 10 12 cm -2 . These features can be identified with the reduced phase of Ti 2 O 3 (see below the description of the (1 Â 2) reconstructed surface). The image of 5 Â 5 nm 2 in Figure 1B exhibits bright rows separated by 0.65 nm. According to the comparative evaluation given by Diebold for various images obtained in different contrasts, the bright strands here can be indentified with the position of bridging oxygen atoms ("unconventional contrast") and the darker sites along the bright rows can be assigned to oxygen defects. 25 More details about the bulk terminated (1 Â 1) surface containing different defect sites can be found in several recent papers. 36, 37 Several studies on the long-range ordered TiO 2 (110)-(1 Â 2) surface were also reported last year; 25,38,39 however, this structure received much less attention than the stoichiometric (1 Â 1) surface. Figure 1C shows the typical STM image (50 Â 50 nm 2 ) for our samples exhibiting the (1 Â 2) reconstructed arrangement. As can be seen, large terraces with [001] oriented stripes running a distance of 1.30 nm from each other dominate this surface pattern. The strings seem to be disturbed, although their shape is rather uniform everywhere on the surface (Figure 1 C,D). They can be assigned to an 1D reduced phase (Ti 2 O 3 ) described previously. 38, 39 In our case, the atomiclevel image (5 Â 5 nm 2 ) of the strands (strings) shows that they consist of two subrows containing a lot of defects in an asymmetric way: one of the row pairs exhibits more defects than the neighboring row ( Figure 1D ). Nevertheless, the bright spots along the [001] direction are separated by 0.29 nm, which corresponds to the shorter vector of the (1 Â 1) unit cell; accordingly, they can be identified to Ti 4þ sites. The (1 Â 2) unit cell is also indicated in this figure.
In the following part, the formation of Au-Rh bimetallic nanoparticles will be presented on a TiO 2 (110)-(1 Â 1) surface ( Figure 2 ). The fabrication procedure starts with deposition of Rh. The STM images of 20 Â 20 nm 2 and 50 Â 50 nm 2 shown in Figure 2A ,B were recorded after the deposition of 0.34 ((0.03) ML of Rh onto the clean TiO 2 (110)-(1 Â 1) surface at 500 K. The coverage was obtained from the summarized volume of the particles. The diameter of the particles changes in the range 1.5-3.0 nm and the larger ones are 2 layers high, assuming an average layer thickness of 0.225 nm (the layer-to-layer distances for Au(111) and Rh(111) are 0.235 and 0.218 nm, respectively). Regarding the size of these particles, they consist of approximately 100-300 Rh atoms (see also Figure 3 ). On the basis of at least five images of good quality recorded on different surface regions, a particle concentration of 4.0((0.3) Â 10 12 cm -2 was obtained. The analysis of the images has shown that there is no clear preference for occupation of the dark or bright rows (or even of terrace edges). This Rh/TiO 2 (110)-(1 Â 1) sample was sequentially exposed to gold ( Figure 2C 
Article
Ov ari et al.
important feature is that the deposition of Au does not cause any systematic change in the number of the particles, as is shown in the insert graph in Figure 3 . From this fact, it can be concluded that the growth of existing metal particles is highly preferred at the deposition temperature of 500 K and for the average seed-to-seed distance (appr. 5 nm) applied here. For the detailed analysis of the change of the particle morphology, a height-diameter map of the nanoparticles is plotted in Figure 3 . The data points were taken from similar images presented in Figure 2A -F. It can be seen that most of the initial Rh seeds are 2 layers thick and the diameter of these particles varies in the range 1.5-3.0 nm. The postdeposition of Au results in an increase in both the diameter and the height of the particles. On the effect of the first Au exposure (þ0.38 ML), the particles become 3-4 layers thick with a characteristic diameter of 2-3.5 nm. These data indicate that Au covers the rhodium particles in approxi-mately 1-2 ML thickness both on the top and on the side (perimeter). The subsequent deposition of Au (þ1.30 ML) results in an expressed further enhancement of the average particle height (4-6 atomic layers) and diameter (3.2-4.6 nm) by formation of 2-3 additional Au layers on both the top and the perimeter (Figure 3 ). The formation of Au-Rh bimetallic particles was followed also on a TiO 2 (110)-(1 Â 2) reconstructed surface for two different initial Rh coverages: 0.27((0.03) ML and 0.42((0.04) ML in Figure 4 A and B, respectively. The size of all images in this figure is 20 Â 20 nm 2 . Rh was deposited onto a clean TiO 2 -(110)-(1 Â 2) surface at 500 K. It is important to remark that a partial encapsulation of supported Rh particles by titania phase cannot be excluded on reconstructed TiO 2 (110) surfaces at this temperature. 18, 40, 41 The diameter of the nanoparticles formed in this way varies in the range of 0.8-2.0 nm, and they are 1-2 layers thick assuming an average interlayer distance of 0.225 nm (see above). The main difference between the two coverages is the surface concentration of the Rh particles, while their mean size is quite similar. On the basis of images recorded on different surface regions, the following particle concentrations were obtained: 7.0((1.5) Â 10 12 cm -2 and 15((2.0) Â 10 12 cm -2 . According to the size of the particles, they consist of 50-200 Rh atoms. The parallel rows running in the direction of [001] are characteristic morphological features of the TiO 2 (110)-(1 Â 2) surface. The analysis of the images has shown that the Rh seeds appear on the bright strings with a slightly higher probability. These Rh/TiO 2 -(110)-(1 Â 2) templates were sequentially exposed to gold two times ( Figure 4C -F). As mentioned above, the total metal (RhþAu) coverage was determined from the summarized particle volume. In this way, the following coverage values were calculated for the different cases presented in Figure 4 Regarding the surface density of the particles, the most important feature is that the deposition of Au does not cause any increase in the lateral concentration of the particles (on the contrary, a slight decrease of 25-30% can be observed), similar to the case of the (1 Â 1) bulk terminated oxide surface presented above. From this fact, it can be concluded that an additional nucleation of pure Au clusters is strongly suppressed for all Rh/TiO 2 templates and conditions (temperature, deposition rate, average distance of Rh seeds) applied in this work. For detailed analysis of the change of the particle morphology, a map of height and diameter of the individual nanoparticles is plotted in Figure 5 . The data points belong to the surfaces shown in Figure 4B ,D,F. For each stage of the series, three images (altogether of 150-200 nanoparticles) were analyzed; however, for a better visibility, only a third of them were selected for the plots in Figure 5 . As can be seen, the initial Rh seeds are 1-2 layers thick and their average diameter is 1.3((0.6) nm ( Figure 5 ). On the effect of the first Au exposure (þ0.42 ML), the larger particles become 2-3 layers in height with a characteristic diameter of 2.0((0.8) nm. These data indicate that approximately 1-ML-thick Au covers the Rh particles both on the top and on the side (perimeter). The further deposition of Au (þ0.29 ML) results in an enhancement of the average particle height (formation of an additional Au layer), although the average diameter of the particles increases only slightly ( Figure 5 ).
In the following section, we present comparative experiments on the thermal stability of Rh, Au, and Au/Rh particles supported on TiO 2 (110)-(1 Â 2) surfaces. Three different initial states were produced: (i) 0.49 ML Au deposited at 500 K; (ii) predeposition of 0.28 ML of Rh followed by exposure of 0.67 ML of Au at 500 K; (iii) 0.46 ML Rh deposited at 500 K ( Figure 6A ). Morphological changes on annealing at elevated temperatures for 5 min were followed by recording STM images. The size of the images shown in this figure is 50 Â 50 nm 2 . The left column in Figure 6 exhibits the thermal stability of the pure Au particles. It can be seen that Au forms relatively large nanoparticles (diameter of 4-5 nm, height of 3-4 atomic layers) in an average separation of 10-15 nm at 500 K, and this particle distribution does not change substantially up to 700 K. Above this temperature, the number of surface Au nanoparticles gradually decreases without a pronounced increase of their mean size, and above 1000 K, they disappear from the substrate. This behavior is in full harmony with our previous results suggesting that, in the range 700-900 K, the thermally induced Ostwald ripening process may be accompanied by desorption of single Au atoms dispatched from more stable crystallites. 29 Both the total surface coverage and the concentration of the Au nanoparticles decreases gradually to zero in the temperature range 800-1000 K as is shown also by plotting gold coverage as a function of temperature (Figure 7) . Similar thermal treatments were performed for pure Rh (right column in Figure 6 ). In this case, changes in the morphology and in the metal coverage are more complex than for Au (Figure 7) . The slight increase between 500 and 700 K of the apparent Rh total volume is probably due to the encapsulation of Rh by a reduced phase of the TiO 2 substrate. 3,28 Above this temperature, the amount of the total volume decreases gradually; however, in contrast to Au, the morphological changes refer to a standard Ostwald ripening, where the decrease of the particle number is accompanied by an increase of the average size (both diameter and height). Nevertheless, even in the latter case, some decrease of Figure 6 . the total volume can be observed. This feature suggests that a partial desorption of the Rh atoms in the temperature range 700-1000 K during the Ostwald ripening process cannot be excluded. Note that some highly elongated particles also appear at around 1000 K. The stronger thermal stability of Rh compared to Au is indicated also by the fact that Rh particles can be found on the support even after the annealing at 1100 K. Let us remark at this point again that a proper tip conditioning was needed to perform during these experiments in order to make reliable conclusions based on particle volume. In the middle column of Figure 6 , the effects of thermal treatment of the TiO 2 (110)-(1 Â 2) surface covered by bimetallic Au-Rh nanoparticles can be seen. The particles were formed by the seeding þ growing procedure presented above. The annealing causes similar changes in the morphology as in the case of the clean Rh nanoparticles, although some differences can also be observed ( Figure 6 and 7) :
(1) the Ostwald ripening is already more pronounced at 800 K;
(2) no sign for the elongation of any particle appears. Note that this is the temperature range where the Au-Rh mixing can also take place in the bulk phase. 32 Nevertheless, the stabilized amount of Rh at 1100 K is nearly the same for both (Rh and AuþRh) cases and the size distributions of the particles are similar.
3.2. Low-Energy Ion Scattering Spectroscopy Measurements. In the subsequent experiments, LEIS was applied to collect data about the chemical composition of the nanoparticles formed by deposition of Rh followed by exposure of Au on a TiO 2 (110)-(1 Â 1) surface. It is important to note that, during the measurements presented below, the surface morphology was not directly monitored by STM. Nevertheless, based on our previous experiences, appropriate thermal and cleaning treatments were chosen to obtain bulk terminated (1 Â 1) surface. Moreover, the scanning tunneling microscopy results presented above clearly show that the main features of the bimetallic Rh-Au particle growth is substantially independent from the reconstruction of the support.
Similarly to our previous work, 28 the deposition of approximately 0.5 ML of Rh onto clean TiO 2 (110) surface led to a substantial decrease (∼30%) in the Ti and O LEIS peaks due to the shadowing effect of Rh (not shown here). Contrary to that, the deposition of 0.5-0.6 ML Au on the Rh covered titania surface resulted in a very slight (5-6%) decrease in the intensity of Ti and O LEIS peaks (not shown here). Figure 8A exhibits the change of Rh signal intensities on the effect of Au deposition at 500 K for two different Rh coverages (0.20 and 0.40 ML with an uncertanity of (15%). Although the rate of decay for both curves decreases at higher gold exposures, approximately 0.5 ML deposition of gold was sufficient for a complete suppression of Rh signal. Note that if only the gold atoms landed on Rh clusters were bonded on the topmost layer of the particles and if gold atoms impinged on the oxide surface formed separate monometallic gold clusters, then 1 ML or an even larger amount of gold would be necessary to cover the existing Rh clusters and to suppress completely the LEIS intensity of Rh. In our case, however, a much smaller quantity of gold was enough to cover entirely the Rh clusters, which was indicated by the complete disappearance of Rh signal at gold coverages of 0.45((0.05) ML ( Figure 8A) . Moreover, the steep initial attenuation of the Rh LEIS peak and its early suppression on the effect of Au deposition are in good harmony with the STM measurements presented above, which indicate that gold atoms nucleate exclusively on the existing rhodium clusters. In accordance with our previous investigations, 28 these LEIS results suggest that there is a clear tendency for Au atoms to be stabilized on the topmost atomic layer of the bimetallic clusters.
The following evaluation of the initial slopes of the two curves in Figure 8A supports approximately a one-to-one shadowing of surface rhodium atoms by gold atoms. Indeed, before Au deposition, Rh clusters cover 11% and 21% of the oxide surface for Θ Rh = 0.2 ML and Θ Rh = 0.4 ML, respectively, determined from the decrease in the oxide LEIS peaks on the effect of Rh deposition. Dashed lines for the two Rh coverages ( Figure 8A ) mark the initial slopes of the attenuation of Rh intensities on the effect of Au deposition. The extrapolated curves reach the zero Rh intensity at Θ Au = 0.14 ML and Θ Au = 0.20 ML, respectively. These values agree rather well with the ratio of the oxide surface covered by Rh and correspond fairly well to those that are expected for one-to-one shadowing. Assuming this scenario, each gold atom deposited on the surface and located on the topmost layer should be detectable by LEIS; consequently, the initial rising slope of the Au signal should be the same for both Rh coverages investigated. Really, this is the case as exhibited in Figure 8B . Nevertheless, above Θ Au ≈ 0.2 ML coverage, the LEIS intensity increases less rapidly and the attenuation of Rh intensity is slower as a function of Au coverage. This behavior indicates that not every gold atom is on the topmost layer and not every gold atom can shadow one Rh atom anymore. Naturally, the question may arise as to why the decrease in the Rh intensity as a function of Au coverage is not linear in the full range. One possible reason is that Rh atoms located at defect sites of the clusters (e.g., edge atoms or kinks) cannot be shadowed so efficiently, i.e., a thicker gold layer is needed to cover these sites also. Moreover, to obtain a complete capping layer, more gold atoms are needed than the number of Rh atoms located on the topmost layer of the original clusters, because metal atoms at the perimeter should be covered from the side. For Θ Rh = 0.2 ML, the mean diameter of Rh clusters is 1.5 nm disclosed by our STM studies. With a one atomic layer thick gold shell, the mean diameter is increased up to 2.0 nm, resulting in an 80% increase in the cluster footprint area. In addition, we cannot exclude some mixing of gold and rhodium atoms inside the nanoparticles, though the two metals are practically immiscible in bulk phase. However, it can be concluded from our LEIS and STM results presented above that the mixing of Au and Rh in the bimetallic nanoparticles is very limited (if any).
In the subsequent LEIS measurements, we focused on thermally induced behavior of the core-shell structure prepared at 500 K. Annealing of the Au/TiO 2 surface at higher temperatures led to diminution of the Au LEIS peak accompanied by an increase in the oxide peaks (not shown). In accordance with the STM results, this tendency can be explained by agglomeration and evaporation of gold ( Figure 9A ). When gold is deposited at 500 K to the titania surface precovered by 0.2 ML of Rh, the Au LEIS peak exhibits larger intensity. This feature can be understood easily, since gold atoms are located on top of the smaller Rh clusters, i.e., the dispersion of gold is larger. On annealing the AuþRh/TiO 2 surface, agglomeration and evaporation of gold may also take place; nevertheless, the Au LEIS intensities were significantly higher at each temperature compared to a Rh free titania surface covered by the same amount of gold ( Figure 9A ). In conclusion, the presence of rhodium resulted in a significantly enhanced dispersion of Au at each temperatures up to 900 K.
In the case of annealing the Rh covered surface (containing no gold), a dramatic decrease in the intensity of the Rh LEIS peak was found above 650 K, and the rhodium signal completely disappeared at ∼800 K ( Figure 9B ). This latter feature can be explained mainly by the encapsulation of Rh clusters with a thin titania layer, especially if we take into account the STM images indicating insignificant evaporation and sintering of Rh in this temperature range. The deposition of 0.20 ML of gold on the titania surface covered by Rh is not enough to completely cover Rh clusters at Θ Rh = 0.20 ML ( Figure 9B ). Nevertheless, some attenuation of the Rh peak was also observed in this case from 600 to 650 K, and after annealing at 800 K, the Rh peak was completely missing. The Rh peak disappeared at the same temperature in both the presence and absence of gold. This fact suggests that titania will also decorate Rh atoms of the bimetallic clusters not covered by gold upon annealing. Another possibility is that gold is not well arranged for shadowing Rh clusters at 500 K, and upon annealing, it covers better the rhodium core leading to the disappearance of the Rh peak. Consequently, the formation of a more complete gold shell would result in an increase in the gold signal at 650-700 K; however, an increase in the gold signal was not observed ( Figure 9A ). Note that, in this temperature range, the decrease of Rh intensity is already strong, in spite of only a very slight agglomeration of the bimetallic clusters. On this basis, it can be concluded that the disappearance of Rh LEIS-signal is mainly due to the encapsulation by titania, also operating for bimetallic clusters.
As mentioned above, deposition of 0.40 ML of Au at 500 K on the titania surface covered previously by 0.20 ML Rh resulted in complete disappearance of the Rh LEIS peak, and it did not reappear on stepwise annealing up to 900 K. To understand this observation, let we consider first only the temperature regime up to 800 K, for which the evaporation of both gold and rhodium is rather limited (Figures 7 and 9A ). STM measurements presented in Figure 6 disclosed that the cluster density was smaller both for the Rh/TiO 2 surface and for the (RhþAu)/TiO 2 surface as compared to that observed at 500 K, accompanied by the increase of the average cluster size up to 800 K (compare Figure 6A and C) . This feature is a clear indication that the detachment of both Rh and Au atoms from the metal clusters is possible in this temperature range and this is followed by their diffusion on the oxide surface (Ostwald ripening). This process is probably more frequent for Au atoms. Hence, in principle, the replacement of the gold capping layer on Rh by the titanium oxide encapsulating layer is not kinetically hindered during annealing at 800 K, which could explain the Rh LEIS intensity remaining at zero. However, in this case separate monometallic gold clusters should form on the free oxide surface; consequently, the Au LEIS intensity should be the same as observed for the Rh-free surface for the same gold coverage. In contrast to this, for all temperatures depicted in Figure 9A , the LEIS intensities of Au for the surface containing 0.2 ML of Rh and 0.4 ML of Au were nearly twice as large as for the surface containing no rhodium. On the basis of this observation, it seems very probable that Rh clusters remain covered by gold even during the ripening process (aside from transient fluctuations) and a titanium oxide encapsulating layer cannot be formed in a stable way until there is enough gold on the surface. The relatively strong Au-Rh bonding also supports this explanation. 33 At higher temperatures (900-1000 K), however, the evaporation of gold opens the way for the encapsulation of Rh clusters. The desorption of Au atoms does not occur directly from metal clusters, but it proceeds probably during the migration of isolated gold atoms on the oxide. This mechanism is supported by a former study, where it was found that a much higher temperature (∼1325 K) is needed for evaporation of Au from the Rh(111) surface. or nanoclusters of few atoms are deposited onto well-characterized (oxide) surfaces followed by thermal activation of their surface diffusion and sintering. The standard nucleation theory describes well the formation of nanoparticles by using only a few parameters like (1) deposition rate, (2) activation energy for atom diffusion on the support surface (diffusion coefficient), (3) heterogeneous nucleation determined by defect sites, (4) nucleon-size dependence of the atom-particle bond strength, and (5) critical cluster size for homogeneous nucleation. 1,10,42 Naturally, the real systems are much more complicated. Other important factors must frequently be taken into account, for example, (a) different bonding states for the diffusing atoms (periodic and nonperiodic defect sites); (b) atom diffusion on the perimeter or on the surface of the nucleons; (c) formation of large nucleons of multilayers, change from 2D growth to 3D; (d) coverage-dependent reconstruction of the substrate; (e) chemical reaction between the admaterial and the substrate. Nevertheless, all these parameters can be treated by robust Monte Carlo simulations, especially if their effects can separately be taken into account using ab initio calculations. 2,43, 44 On the metal/TiO 2 interfaces, throughout the past decade widespread theoretical and experimental studies have been performed on these systems, mainly because of their fundamental and technological importance. 2, 3, 25 The recent STM results obviously gave new life even to the theoretical efforts for understanding metal diffusion on real TiO 2 surfaces. 45, 46 This is mainly because the bulk terminated TiO 2 (110) is precisely characterized by STM and also the typical defect sites are well-understood on this surface. 25 It was shown experimentally that the nucleation probability can be enhanced by forming additional surface defects: (1) on the thermally reduced (1 Â 1) or (1 Â 2) surface relative to the stoichiometric (1 Â 1) substrate, the deposited Au forms smaller size crystallites in higher density; [47] [48] [49] (2) the same effect was detected for TiO 2 (110) surface bombarded by lowenergy Ar ions. 29 Consistent with this, Iddir and co-workers have shown in their recent theoretical work that, though there is a substantial difference in the bonding of Pt and Au to the TiO 2 -(110) surface, their binding energies are much higher (by approximately 2 eV) at the oxygen vacancies. 45 To the best of our knowledge, similar calculations are not available for Rh; nevertheless, assuming that the chemical properties of Rh are not far from those of Pt, this finding fits well with our observation in the present work that the surface concentration of Rh seeds formed on a TiO 2 (110)-(1 Â 2) surface is higher (their average size is smaller) than on a stoichiometric (1 Â 1) surface (Figure 2 and Figure 4) . Moreover, the observed preference for bonding of Rh on the reduced Ti 2 O 3 stripes of the (1 Â 2) reconstructed surface (especially after annealing at higher temperatures) also supports the theoretical predictions mentioned above. The stronger Rh-TiO 2 bonding, relative to that for Au-TiO 2 , expresses itself in the higher dispersion of Rh of similar amount on the TiO 2 -(110)-(1 Â 1) surface ( Figure 6 ). This agrees with the tendency described by Iddir et al. that Pt displays a one-dimensional migration profile, while the migration of Au is two-dimensional with a relatively flat profile. 45 Actually, this large difference between the diffusion properties of Au and other noble metals (Pt, Ir, Rh) makes it possible that Au atoms can further grow Rh seeds formed previously. The LEIS and STM results presented in this work clearly indicate that the gold atoms are sufficiently mobile at 500 K on both the TiO 2 (110)-(1 Â 1) and (1 Â 2) surfaces to diffuse and nucleate on the Rh seeds located in an average distance not more than 4-6 nm.
An interesting point of our STM-LEIS studies on the effect of annealing of the oxide sample decorated by Au-Rh bimetallic particles is that it can be regarded as a special case of Ostwald ripening where the Au shelled Rh particles are sintering gradually without losing their gold cap. This is certainly a dynamic process where Rh atom detachment and diffusion are much slower than those of Au; moreover, the Au-Rh exchange on the particles is probably a reaction step of higher speed. 32, 50 It is worth mentioning that choosing low coverages in this work allowed us to follow the mass transport mediated almost exclusively by the support; accordingly, the growth by particle coalescence was practically negligible. Although compact diffusion of smallest (consisting of max. 50 atoms) nanoparticles cannot be excluded, 19 taking into account the particle size distribution in our case, the main route of the particle growth is certainly atom detachment, diffusion, and condensation both for Rh and for Au.
In the case of reducible oxides, like TiO 2 , SnO 2 , and CeO 2 , there is another complicating factor affecting the sintering of the supported noble metals: the encapsulation (decoration) of the metal nanoparticles by a reduced phase of the support. 3 In harmony with the previous studies, the formation of Rh-Au core-shell particles described in this work was performed at relatively low temperature (500 K) where the decoration process is practically negligible (especially for stoichiometric TiO 2 support). 18,28,40,51 More attention was paid for this effect of the oxide decoration during the sintering process of the bimetallic particles (see below). It is worth mentioning that, in a previous work of ours, the encapsulated Pt particles were successfully postgrown at 1100 K in a way that the thickness of the decoration TiO x layer was self-limiting and the additional Pt atoms could be built in the Pt nanoparticles. 52 Furthermore, the overview of the encapsulation process of different supported metals renders Rh to the group of metals more easily decorated and Au to those that are not encapsulated by a thin TiO x layer. 3 4.2. Composition of Supported Rh-Au Core-Shell Nanoparticles. Regarding the surface diffusion of noble metals, both metal-on-metal and metal-on-oxide atom diffusion are already activated at room temperature. At the same time, the metal-metal bonding is characteristically stronger than the metal-oxide bond, which means that the metal adatoms will be condensed at the existing metal particles of high probability. Accordingly, most of the supported metal nanoparticles exhibit an isotropic lateral shape. It should be mentioned, however, that in special cases (for example, metal deposits on cation-terminated oxide surfaces) and/or at certain conditions (growth at high temperatures), formation of one-dimensional elongated metal particles were also observed. 34, 53, 54 This property may be explained by formation of oxygen-deficient sites at the particle perimeter, resulting in an anisotropic wetting of the support and in an anisotropic growth of the admetal. This feature was clearly detected during the present investigations when the 0.46 ML Rh deposited TiO 2 (110)-(1 Â 1) surface was annealed at 1000 K ( Figure 6E ). On the basis of our experiments, it can also be concluded that, when the perimeter chemical composition changed by the codeposition of Au, the growth of elongated particles is largely hindered ( Figure 6) .
The parallel increase of the height and width of the bimetallic particles with the duration of Au deposition suggests that Au does not accumulate at the perimeter of the Rh particles, or in other words, Au-Rh particle pairs never form. The sharp decrease of the Rh LEIS signal on the effect of Au deposition indicates clearly that Au atoms readily jump over the diffusion barrier at the edge of the particles (maybe covered partially by gold from the very beginning of the Au deposition) and they cover the Rh seeds by layer-by-layer growth mode (Figures 3 and 5) . The large difference between the surface free energies of the two metals (at room temperature 1.626 J/m 2 for Au and 2.828 J/m 2 for Rh) is probably the main driving force for this phenomenon. 23, 31 The accumulation of gold on Rh-seeds at 500 K is an irreversible process, since the Rh-Au bond is much stronger on average than that of Autitania (except some titania defect sites).
This behavior of the predeposited Rh and postdeposited Au on TiO 2 (110) surface is not a unique feature for the bimetallic systems. The site-selective accumulation of a postdeposited metal (forming shell) on predeposited metal particles (representing core);formation of core-shell bimetallic particles on oxide surfaces;was already reported in several cases: Co-Pd, 15, 16 Pd-Fe, 17 Pt-Au. 20 In order to obtain really high grade coreshell structures, there are several conditions to be fulfilled: (i) the metal sequence of the deposition is very crucial; the "core" metal should be the stronger wetting metal and it should be deposited first; (ii) the immiscibility of the metals (in bulk) is an important factor, but even in this case, a few percentage mixing can appear; (iii) using miscible metals, the intermixing of the deposited metals is so strong that it prevents the formation of core-shell structure even below room temperature; (iv) the shell-metal should have a much lower surface free energy than that of the core-metal.
A similar investigation of annealing Pt and Pt-Au clusters grown on TiO 2 (110) disclosed that the encapsulation by titania proceeded in both cases; however, the presence of gold in the outermost layer (shell) of the bimetallic clusters substantially decreased the extent of the encapsulation. 20 In the past years, the encapsulation process was examined in detail. 3, 18, 25, 28, 40, 51, 55 It has been proposed that minimization of the surface energy is the major driving force of the encapsulation of metal clusters by an oxide overlayer. 3 It can proceed only in the systems where the metal has high surface energy while the surface energy of the oxide is low. Accordingly, the surface energetic factor explains why Pt, Pd, and Rh, but not Au and Ag, have been subjected to this reaction on titania. Moreover, the interfacial energy between these latter metals and TiO 2 is very low, which also hinders the encapsulation. From the chemical point of view, it was assumed that the decoration by the support oxide can proceed if the metal is able to reduce titania but is not reactive enough to form bulk oxide. 56 The gold shell may also keep the Rh particles free from the encapsulation by titania, as it was demonstrated by the LEIS experiments above. The facts that Au is covering the Rh particles, this structure is stable at high temperatures, and the strong Au-Rh interaction modifies the electronic structure of the components open the way for very specific catalytic applications.
Conclusions
The formation of bimetallic nanoparticles on solid surfaces is a complex process, which is determined by both the thermodynamic characteristics of the bonding between the components and the kinetics of the surface diffusion of the partner materials. These attributes were exploited in this work for growth of supported bimetallic core-shell Rh-Au nanoparticles on a TiO 2 (110)-(1 Â 1) and (1 Â 2) surfaces. The oxide support seeded by Rh at 500 K was exposed to Au also at the same temperature. It was shown by low-energy ion scattering that the Rh-seeds became shadowed very sharply (with a rate of close to one-to-one atom) on the initial deposition of gold and a complete capping was achieved at a substantially lower deposition than would be expected from a simple surface decoration model. The parallel STM measurements completed by statistical image evaluation revealed clearly that the existing Rh seeds are grown in both width and height without appearance of of a new nucleus on the free regions of the substrate. It means that the postdeposited Au atoms accumulate exclusively on the existing Rh particles; moreover, the 1-2 ML thick cap consists practically of pure gold. This mechanism is valid for the supported Rh seeds closer to each other than the mean free path of Au diffusion. This latter parameter, however, largely depends on the composition of the TiO 2 (110) surface and the deposition rate applied for postgrowth of Au. In the case of a bulk terminated TiO 2 (110)-(1 Â 1) surface and of a deposition rate of approximately 0.5 ML/min, this critical distance is in the range 8-10 nm; however, in the case of a more reduced TiO 2 (110)-(1 Â 2) surface this value is only 4-6 nm.
The thermal stability of monometallic Rh, Au, and bimetallic Au-Rh nanoparticles was also examined and compared. The experimental results suggested that the Ostwald ripening proceeds similarly for the monometallic and bimetallic nanoparticles and in this way until the evaporation of Au from the surface, the fattening Rh particles are continuously capped by Au, although the disengaged surface of the Rh particles are probably encapsulated by the phase of the support.
In short, it was proven that bimetallic nanoparticles could be grown in tailored structural composition by choosing appropriate deposition conditions. The research activity in this direction hopefully opens the way for widespread surface science model studies of catalytic properties of Au-shell bimetallic nanoparticles.
